1. Introduction {#sec0005}
===============

Variation in glycosylation profiles has been a recognized source of heterogeneity for biologics; it is closely monitored as a critical quality attribute in process development and manufacturing and can have major impacts on drug immunogenicity \[[@bib0005]\], PKPD profile \[[@bib0010], [@bib0015], [@bib0020]\], and efficacy \[[@bib0025]\].

Since the rise of monoclonal antibodies as a modern class of targeted therapy, the industry has moved along to far more complex therapeutic protein formats which may or may not be antibody scaffold related. For instance, Enbrel (etanercept), which consists of part of a TNFα-receptor fused to an Fc-domain and Epogen, a recombinant erythropoietin, are well-known marketed molecules that have presented difficult analytical challenges \[[@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050], [@bib0055], [@bib0060]\]. One common theme between many of these new formats is that they often contain multiple glycosylation sites \[[@bib0065], [@bib0070], [@bib0075]\] and more complex glycosylation patterns \[[@bib0080],[@bib0085]\] that present challenges from a biopharmaceutical development perspective given the aforementioned importance of glycans on product quality.

Typically, therapeutic glycoproteins are produced from stable recombinant cell lines, such as Chinese hamster ovary (CHO) cells, and it is well known that the inherent differences between individual cell line clones and their culture processes can significantly impact the glycosylation patterns of the resulting product \[[@bib0045],[@bib0090],[@bib0095]\]. During the transition period between late stage lead molecule selection and early stage process development it is not uncommon that multiple lead molecules, cell line clones or bioreactor processes are tracked in parallel and one of the rate limiting factors is often how fast pure sample material can be obtained for analytical profiling and subsequent interpretation. Therefore, in order to support the iterative process of project lead molecule selection, cell line selection and cell culture process development, high throughput analytics, which preferably work directly on crude culture media samples, are key to providing rapid product quality data that can be used to drive decisions on cell line selection and process development.

Common approaches to glycan analysis come in a few broad categories \[[@bib0100],[@bib0105]\]: (1) release and derivatize approach where the glycans are chemically or enzymatically released, labelled by a fluorophores such as 2-AA and 2-AB and are separated and detected on a U/HPLC or capillary gel electrophoresis system \[[@bib0110],[@bib0115]\], (2) 'top- or middle-down' LC--MS-based approach where the intact or IdeS digested glycosylated protein molecule's mass is determined \[[@bib0120], [@bib0125], [@bib0130]\], or (3) 'bottom-up' LC--MS-based method where the protein is first enzymatically digested and the resulting glycopeptides separated and analysed \[[@bib0135],[@bib0140]\]; (4) MALDI-MS with which released glycan \[[@bib0145]\] or tryptic glycopeptides are analysed either directly or after separation.

Compared to released glycan methods, 'top-down' LC--MS has the advantage of being quick and simple, although the site-specific information is often not explicit. In contrast, 'bottom-up' LC--MS has the advantage of site-specifically characterizing molecules with multiple glycosylation sites and being more information-rich, although it has the drawback of slow and tedious sample preparation and data analysis steps. In addition, regardless of being 'top-down' or 'bottom-up', mass spectrometry has the general disadvantage of the inability to handle crude samples and a lack of sensitivity and precise quantitation power for sialylated glycopeptides \[[@bib0150]\]. MALDI-MS is a flexible alternative to the top-down and bottom-up methods although it does not circumvent difficulty in quantitating sialylated glycans and the requirement of some levels of purification.

In this work, we address some of current issues of 'bottom-up' LC--MS approaches described above by using targeted peptide mapping on a triple quadrapole mass spectrometer (TQ-MS). Specifically, we focused on: (1) Simplification of the sample preparation procedure; (2) The reduction in the duration of the enzymatic digestion and the resulting glycopeptide mis-cleavage for an unbiased yet faster glycosylation profile readout and (3) The application of this methodology to samples direct from a bioreactor without purification. We have developed a denaturation and tryptic digestion protocol that completely eliminates the necessity of buffer-exchange and is directly applicable to therapeutic protein samples in conditioned media. In addition, the entire process from denaturation to data reporting can be complete within a day for up to 96 samples and generates site-specific data that is suitable for neutral glycan quantitation and sialylated glycan ranking; thereby providing quick, information-rich and potentially multi-attribute data to drive bioprocess development with an integrated, high throughput approach unprecedented in industry.

2. Materials and methods {#sec0010}
========================

2.1. Reagents and chemicals {#sec0015}
---------------------------

Tris base (cat\#T6791) and urea (cat\#U0631/U5128) were from Sigma. HPLC gradient acetonitrile (cat\#83639.320) was from VWR. LC--MS grade water was from Merck (cat\#1.15333.250). TFA (cat\#9470.0010) was from J T Baker. FA cat\#28905 and DTT cat\#20291 was from Thermo Fisher. Sequencing grade modified trypsin cat\#V5111 was from Promega.

2.2. Model fusion protein {#sec0020}
-------------------------

The model fusion protein contains an antibody domain (with expected Fc glycosylation) and tandem receptor agonist ligand domains (each with a single glycosylation site) joined by flexible linkers and was expressed by a stable CHO clonal cell line. The clarified harvest was purified using MabSelect Sure Protein A resin (GE Healthcare, Amersham), followed by pH viral inactivation, Mustang Q anion exchange (Pall, Portsmouth) and finally diafiltered using a 30 kDa ultrafiltration membrane against formulation buffer and concentrated to 10 mg/mL as measured by UV absorbance at 280 nm.

2.3. Fast trypsin digestion {#sec0025}
---------------------------

Model fusion protein stock at 10 mg/mL was diluted into 8 M urea to give a protein concentration of 3 mg/mL. DTT stock at 500 mM was then added to give a final DTT concentration of 10 mM. The sample was then denatured and reduced at 50oC for 10 min. Subsequently, the denatured and reduced sample was diluted 2X using 100 mM Tris buffer, pH7.2 and trypsin was added at a 1:20 enzyme: substrate ratio. The mixture was incubated at 37oC for up to 4 h with time course samples taken and frozen at 0.5, 1, 2 and 4 h before subsequent analysis. After initial data analysis it was determined 1 -h digestion is sufficient for generating unbiased glycan data and all subsequent experiments were performed using 1-h digestion time. Unpurified samples in culture medium were treated exactly as purified samples.

2.4. Targeted LC--MS methods {#sec0030}
----------------------------

An aliquot of 7.5 μg of the digest was injected onto a Waters Peptide BEH C18 column (300A, 1.7 μm, 2.1 mm x 150 mm) at 55oC. Mobile phase A was 0.1 % formic acid in water, and mobile phase B was 0.1 % formic acid in acetonitrile. The gradient started at 0 % B for 2 min and was stepped to 7 % where it was then increased gradually to 32 % in 6 min. The column was then washed with 90 % B for 1.6 min followed by equilibration at 0 % B for 0.2 min.

Mass spectrometer data was acquired on a Waters Xevo TQ-S instrument on positive ion unit mass resolution mode with the following settings: electrospray capillary voltage 3 kV, cone voltage 20 V, source temperature 70oC, desolvation temperature 400oC and desolvation gas flow 800 L/h. MS1 was set at monoisotopic masses of the tryptic glycopeptides and MS2 was set at 138 *m/z* (GlcNAc oxonium ion) with collision energy at 60 V and dwell time of 27 ms. Automatic peak integration was performed in TargetLynx and percentage glycan species calculated in Microsoft Excel.

2.5. LysC limited digestion and purification {#sec0035}
--------------------------------------------

Model antibody-fusion protein was buffered to neutral pH by addition of a 10 % volume of 1 M Tris pH8.0. Lyophilized LysC was resuspended in PBS to 0.01 μg/μL before being mixed with the neutralized model antibody-fusion protein at 2000:1 protein to enzyme ratio and left to incubate at 4 °C overnight. The extent of digestion was confirmed by SEC-HPLC method. The digestion mixture was then passed through a small-scale protein A column, where the antibody domain bound and was eluted with 25 mM acetate buffer pH3.65 and collected separately from the flow through which contained the fusion protein domain. The two components were then neutralized with Tris base and concentrated to about 2 mg/mL before 2-AB and GXII glycan analysis.

2.6. GXII capillary electrophoresis glycan analysis {#sec0040}
---------------------------------------------------

The N-linked glycans profile for the model antibody-fusion protein was conducted using the ProfilerPro Glycan Screening Assay (Perkin Elmer) according to the manufacturer's instructions. The resulting electropherograms were analysed using LabChip GX software and the glycans released were annotated by comparing its electrophoretic migration time to that of glycan standards.

2.7. 2-aminobenzamide (2AB)-labelled UPLC glycan analysis {#sec0045}
---------------------------------------------------------

N-glycans were released at 5 mg/mL in 50 mM Tris HCl, pH 7.8 with 7.5 units of N-glycosidase F by overnight incubation at 37 °C. Released glycans were labelled with 2-AB using a Prozyme 2AB labelling kit. Excess 2AB was removed using HILIC cartridges and a clean up 96-well plate (Prozyme) operated via a vacuum manifold. Analysis of the 2AB-labelled N-glycans was performed on a Waters Acquity UPLC BEH Glycan column (2.1 mm × 150 mm, 1.7 μm particle) and an Acquity UPLC with a fluorescence detector (Waters, Milford, MA, U.S.A.). 2AB-labelled dextran ladder standard containing glucose unit (GU) oligomers (Prozyme) was used for glycan retention time normalisation, converting retention times into glucose units.

3. Results {#sec0050}
==========

3.1. Developing a streamlined denaturation and digestion protocol {#sec0055}
-----------------------------------------------------------------

To be able to use mass spectrometry as a screening tool for bioprocesses, one prerequisite is a short turnaround time. Besides data analysis time, which is predominantly determined by the software and is beyond the scope of this article, the total turnaround time for current practice consists of the instrument running time and the sample preparation time. Using TQ-MS means quicker acquisition and better sensitivity can be achieved when multiple transitions are monitored simultaneously in MS/MS mode compare to standard QToF instruments. In addition, a considerably shorter LC gradient can be coupled to the MS and hence ensures a streamlined run time. However, the current widely employed sample digest preparation procedure for peptide mapping is lengthy and often rate limiting, impacting throughput.

The approach of fast digestion has been attempted before, with Wang et al. \[[@bib0155]\] reporting an 'ultrafast' tryptic digestion protocol for a slightly different application and this was the starting point for this work. The primary aim of Wang et al.'s work was to use a quick digestion protocol to minimize chemical modification artefacts when monitoring critical quality attributes such as deamidation and oxidation in a full peptide mapping (scanning) setting. Mis-cleavage was observed, based on the publication's supplementary information, but due to the scouting/non-targeted nature of the analysis the proportion of cleaved to mis-cleaved species was not further explored. In contrast to Wang et al., this work focused on a targeted approach and hence the proportion of fully cleaved versus mis-cleaved became much more relevant, because of the need to identify which peptide species to target and whether mis-cleavage is glycan dependent.

In order to elaborate the precise extent of mis-cleavage in relation to the digestion time, a model IgG4 antibody-fusion protein which contains a standard Fc-glycan and an extra glycosylation site with more mature, sialylated glycans on the fusion protein domain was employed in this study. This molecule was chosen as a model because a method developed for the Fc portion can potentially be used generically for all IgG4 molecules whilst method development for the fusion protein partner gives an insight into optimizing sialylated glycopeptide detection. The intention was initially to replicate Wang et al.'s protocol but, unlike for normal antibodies at 50 mg/mL, the 70 °C denaturation step caused the antibody-fusion protein to precipitate (data not shown). An adjustment was therefore made to bring down the protein concentration to 3 mg/mL and lower the denaturation temperature to 50 °C. To compensate for the reduction in initial protein concentration, the subsequent dilution before trypsin addition was also reduced to 2-fold instead of 5-fold. This reduction in initial protein concentration also has direct benefit for at-line bioreactor sampling application, as in the earlier days of a time course experiment or for some difficult-to-express molecules the titre may be low.

3.2. Total Fc-glycan signal intensity and distribution of charge-forms and cleavage state over time {#sec0060}
---------------------------------------------------------------------------------------------------

The abundancy and charge form distribution between the fully cleaved and singly mis-cleaved Fc glycopeptide over digestion time course is shown in [Fig. 1](#fig0005){ref-type="fig"}. It demonstrates that in the modified fast tryptic digestion protocol, fully cleaved glycopeptide increased steadily for at least 4 h post trypsin addition. In clear contrast, the signal intensity of singly mis-cleaved glycopeptide peaked around 1−2 h post trypsin addition before decreasing again. Over the entire 4 -h time course, the signal intensity of the fully cleaved Fc glycopeptide was less than half the signal from the singly mis-cleaved peptides. Interestingly, the proportion of the most abundant charge forms, 2+ and 3+ ions changed between mis-cleaved and fully cleaved glycopeptides. Specifically, 3+ ions take roughly 99 % of the entire signal for mis-cleaved glycopeptide, while they only account for 75 % for the fully cleaved signal. It is perhaps not surprising as the mis-cleaved glycopeptide is larger and contains at least one extra positively ionisable arginine residue. From this result, it is apparent that for this particular tryptic peptide under this digestion protocol and with the particular trypsin product used, single mis-cleavage is generally dominant, time dependent and shifts the charge distribution profile. Comparison of the streamlined digestion protocol to standard in solution digestion for bottom-up mass spectrometry demonstrated comparability between methods (Data not shown).Fig. 1Mass spectral time course showing shifts in charge form to overwhelmingly 3+ state in singly mis-cleaved compare to fully cleaved Fc-glycopeptides and the general dominance of singly mis-cleaved glycopeptide signal over 4 h digestion time. From left to right: fully cleaved glycopeptide at 0.5 h digestion; singly mis-cleaved glycopeptide at 0.5 h digestion; fully cleaved glycopeptide at 1 h digestion; singly mis-cleaved glycopeptide at 1 h digestion; fully cleaved glycopeptide at 2 h digestion; singly mis-cleaved glycopeptide at 2 h digestion; fully cleaved glycopeptide at 4 h digestion; singly mis-cleaved glycopeptide at 4 h digestion.Fig. 1

3.3. Overall Fc-glycan profile over time {#sec0065}
----------------------------------------

To understand whether there is any preferential digestion of certain glycoforms that can bias the results from a fast digestion protocol, charge-form sorted Fc-glycan profiles were plotted against time ([Fig. 2](#fig0010){ref-type="fig"}). It is clear that glycan profiles stay highly similar over the time course of 4 h within each charge and cleavage state. The seemingly higher percentage of G2FS2 from 3+ fully cleaved glycopeptide is unlikely to be true due to low signal intensity for this entire sub-dataset and thus the associated low signal to noise ratio. Despite the slight differences, the fact that the Fc-glycan is overwhelmingly occupied by G0F and G1F glycans makes it harder to further analyse the extent of difference in other glycan species linked to a particular charge form and cleavage state. This was explored in more detail for the fusion protein domain glycan profiling study in the subsequent sections.Fig. 2Cleavage state and charge-form sorted Fc-glycan profiles against trypsin digestion time showing despite changes in total signal intensities over time the overall glycan profile remains the same. (A) 2+, fully cleaved glycopeptides; (B) 2+, singly mis-cleaved glycopeptides; (C) 3+, fully cleaved glycopeptides; (D) 3+, singly mis-cleaved glycopeptides.Fig. 2

Nevertheless, the results indicate there is no preferential tryptic digestion dependent on glycan types, supporting the hypothesis that an accurate representation of the molecule's glycosylation profile can be obtained by this streamlined protocol before the digestion goes to completion. Specifically, denaturation and reduction at 50 °C for 10 min followed by tryptic digestion at pH7.2 for 1 h at 37 °C.

3.4. Electrospray source ionisation (ESI) parameter optimization {#sec0070}
----------------------------------------------------------------

A similar protocol was applied to the fusion protein domain on the same molecule that is known to contain significant amounts of more mature and sialylated glycans. Existing experience and knowledge suggest there is likely to be an underestimate of sialylated glycans due to poor ionization \[[@bib0160]\] and in-source fragmentation \[[@bib0100],[@bib0150],[@bib0165]\]. Therefore, a response surface map (RSM) DoE experiment was performed to optimize the ionization parameters to improve the quantification of sialylated glycans. The parameters optimized included capillary voltage, cone voltage and source temperature and the ranges used in the DoE were defined from an initial scouting experiment (data not shown). The responses chosen were to optimize both the total sialylated glycan signal (combined signal from G2S1, G2FS1, G2S2 and G2FS2 glycopeptides) and the G2FS2:G2FS1 ratio (the two most abundant sialylated glycans of this fusion protein).

The results demonstrate that capillary voltage has a large impact on both responses, followed by source temperature and minimal effect from cone voltage (Suppl. Fig. 1). Based on the DoE outcome, an optimized ionization setting of 3 kV capillary voltage, 20 V cone-voltage and 70oC source temperature was chosen. This optimized method was also tested on the non-sialylated Fc glycans of the model molecule and found no significant difference compared to the results obtained from the original method (data not shown).

3.5. Total fusion protein-glycan signal intensity and distribution of charge-forms and cleavage state over time {#sec0075}
---------------------------------------------------------------------------------------------------------------

With DoE optimized ionization settings, the same fast sample preparation protocol was applied to this model molecule and the fusion protein glycan was targeted instead of Fc-glycans described above. A very similar trend of change in signal intensity and charge-distribution was seen for the fusion protein glycopeptide as for the Fc-glycopeptide (Suppl. Fig. 2). Interestingly, in this case the fully cleaved glycopeptide signal never exceeded a third of the singly mis-cleaved form, in clear contrast to what was seen in Fc-glycopeptide. In addition, the fully cleaved form signal increased at a slower rate compared to that seen from Fc-glycopeptide ([Fig. 1](#fig0005){ref-type="fig"} and Suppl. Fig. 2). The two observations together imply that the presence of a significant amount of more matured glycan on this glycopeptide likely contributed to the lack of efficiency of tryptic cleavage at this particular site, possibly due to steric hindrance. Not surprisingly, a similar shift towards 3+ ions from roughly 78% to 96% in the singly mis-cleaved population was also observed in this case.

3.6. Overall fusion protein-glycan profile over time {#sec0080}
----------------------------------------------------

Similar to the analysis of the Fc-glycopeptide, the charge-form and cleavage state for glycopeptides from the fusion protein domain were plotted against time to understand whether there was any preferential digestion of certain glycoforms that biased the results from the fast digestion protocol. As seen in the Fc-glycopeptide, the fusion protein-glycan profiles were very similar over the time course of 4 h for all individual charge and cleavage states ([Fig. 3](#fig0015){ref-type="fig"}). This together with the above observation for the Fc glycan site ([Fig. 2](#fig0010){ref-type="fig"}) indicates the glycan profiles obtained from the fast digestion protocol are representative of what would be obtained from longer digestion protocols. In contrast to the Fc-glycopeptide, there was variation in glycan profiles between the two major charge forms with significant skew towards lower and higher glycans from 2+ and 3+ ions, respectively. However, the observed glycan profile differences between fully and singly mis-cleaved glycopeptide was minor.Fig. 3Cleavage state and charge-form sorted fusion protein-glycan profiles against trypsin digestion time. Despite changes in total signal intensities over time, the overall glycan profile remains the same. In contrast to the Fc-glycopeptide, here glycan profiles between 2+ and 3+ states show a marked difference. (A) 2+, fully cleaved glycopeptides; (B) 2+, singly mis cleaved glycopeptides; (C) 3+, fully cleaved glycopeptides; (D) 3+, singly mis-cleaved glycopeptides.Fig. 3

3.7. Comparison with 'gold standard' methodologies {#sec0085}
--------------------------------------------------

As described in the introduction of this article, mass spectrometric glycan profiling has been generally regarded as being less quantitative, especially with sialylated glycan species. One of the aims of this study was therefore to investigate this by comparing our TQ-MS results with those obtained from two widely accepted orthogonal methods; 2-AB and glycan analysis on the LabChip GXII system. Both 2-AB and LabChip represent the 'release and label' category of glycan quantitation methods and the separation is facilitated by a UPLC system and a capillary, respectively. In comparison, TQ-MS offers a distinct opportunity to obtain site-specific glycan quantitation instead of global glycan quantitation; this has significant advantages if site-specific characterization is required, by enabling monitoring of the glycosylation site during reengineering of the molecule or the bioprocess. It is worth mentioning that both categories of methodology involve the use of enzymes and for which the former's efficiency is likely affected by the target protein's tertiary structure while the latter's more on the glycan architecture. Considerations must therefore be given to potential observed differences due to PNGase and trypsin accessibilities of the particular target protein's fold and glycosylation patterns, respectively.

For the validation of this method we wanted to be able to directly compare the site-specific and global methodologies and therefore the antibody-fusion protein was digested (limited LysC digestion) to separate the Fc-glycan domain from the fusion protein glycan domain. These domains were then analysed separately by GXII and 2-AB glycan analysis.

Site-specific glycan profiles obtained by mass spectrometry were generated using either all or subsets of charge and cleavage forms, and compared with data obtained from GXII and 2-AB. Specifically, these are glycan profiles generated using data from (1) all charge states and cleavage forms ([Fig. 4](#fig0020){ref-type="fig"}A), (2) singly mis-cleaved 2+ and 3+ glycopeptides only ([Fig. 4](#fig0020){ref-type="fig"}B) and (3) 3+ singly mis-cleaved glycopeptide signals only ([Fig. 4](#fig0020){ref-type="fig"}C). The rationale being that firstly the 2+ signal only accounts for a very small percentage of the total signal intensity and secondly the glycan profile of 3+ fully and singly mis-cleaved glycopeptide are highly similar and hence using only the 3+ singly mis-cleaved signal as a surrogate would facilitate simpler data acquisition and analysis throughput without compromising quantitative accuracy significantly. This hypothesis is indeed confirmed as the mass spectrometric glycan distribution profiles obtained from [Fig. 4](#fig0020){ref-type="fig"}A--C are highly similar, suggesting targeted data acquisition and analysis to the singly mis-cleaved 3+ only species is enough to give a good quantitation of the site-specific glycan profile.Fig. 4Site-specific glycan profiles showing that targeting the subset of 3+ charge state of the singly mis-cleaved glycopeptides in TQ-MS is sufficient to generate results comparable to those obtained by 2-AB methodology despite intrinsic underestimation of the sialylated glycan species. Results obtained by GXII are in contrast, less consistent with the former techniques. Comparison of (A) glycan profiles generated using data from all charge states and cleavage forms, (B) singly mis-cleaved 2+ and 3+ glycopeptides only and (C) 3+ singly mis-cleaved glycopeptide signals only. From left to right: TQ-MS fusion-protein glycan profile; TQ-MS Fc-glycan profile; GXII fusion-protein glycan profile; GXII Fc-glycan profile; 2-AB fusion-protein glycan profile; 2-AB Fc-glycan profile.Fig. 4

Upon comparing the results from the three orthogonal glycan analysis methodologies, the Fc-glycan profiles were found to be highly similar between the three (Suppl. Table 1). However, not surprisingly, the fusion protein glycan profiles showed some differences between each technique especially in sialylated glycan species. Mass spectrometry appears to underestimate the amount of G2FS2 by about 1.5-fold compared to 2-AB, although the percentage difference of all other glycans seem to be similar. This possibly indicates the presence of some in-source fragmentation, where higher sialylated glycans degrade into lower ones despite the ionization optimization effort. In contrast, the distribution of sialylated glycans from the LabChip GXII appeared less consistent with the other two methodologies. This is to some extent not surprising as sialylated glycans elute from the capillary earlier than the lower marker and hence the kit is not officially recommended for sialylated glycan quantification by its vendor. Nevertheless, it has been demonstrated that under limited experimental circumstances the technique can be pragmatically exploited to provide rapid estimates of the sialylation level, although the exact quantitation ability is not as reliable compared to other techniques as has been observed in this particular instance (data not shown).

The data demonstrate that the method has been streamlined by targeting only the singly mis-cleaved 3+ glycopeptides for both the Fc (non-sialylated) and the fusion-protein (sialylated) glycans. The data obtained by TQ-MS is quantitative and highly comparable to 'gold standard' methods for non-sialylated glycans; although this quantitation power drops when analysing sialylated glycans. Whether this suppression in sialylated glycopeptide signal is consistent between different molecules is subject to further study.

3.8. Overall Fc- and fusion protein glycan profiles: purified versus crude culture supernatant {#sec0090}
----------------------------------------------------------------------------------------------

In order to achieve the potential of this method for at-line analysis of bioprocesses, the ability to work with crude culture supernatant samples taken directly from bioreactors is crucial. To verify the applicability of the fast digestion protocol for samples in conditioned media (CM), purified model protein was spiked into 'null' CM. This CM was generated from a 14-day culture of a 'null' CHO cell line transfected with a vector that contains a selectable marker, but no model fusion protein. Exactly the same digestion protocols and targeted mass spectrometry method were applied to these samples as previously described. Despite the fact that one might expect some lost in signal intensity due to elevated sodiated and other adducted species in crude sample preparation, the same analyses were applied to CM spiked samples and the data clearly shows that both glycosylation sites gave profiles comparable to purified samples in all charge states and cleavage forms ([Fig. 5](#fig0025){ref-type="fig"}).Fig. 5Comparison of purified and CM-spiked sample glycan profiles at 1 h post trypsin digestion. The results are highly similar, confirming the applicability of the analytical approach on crude samples for both (A) Fc-glycans and (B) fusion-protein glycans. From left to right: 2+, fully cleaved glycopeptide signal from purified sample; 2+, fully cleaved glycopeptide signal from CM-spiked sample; 3+, fully cleaved glycopeptide signal from purified sample; 3+, fully cleaved glycopeptide signal from CM-spiked sample; 2+, singly mis-cleaved glycopeptide signal from purified sample; 2+, singly mis-cleaved glycopeptide signal from CM-spiked sample; 3+, singly mis-cleaved glycopeptide signal from purified sample; 3+, singly mis-cleaved glycopeptide signal from CM-spiked sample.Fig. 5

4. Discussion {#sec0095}
=============

Although numerous high-throughput mass spectrometry methods have been developed for a range of applications \[[@bib0170], [@bib0175], [@bib0180], [@bib0185], [@bib0190]\], the technique is somehow still being regarded as an offline, relatively low throughput characterization tool that requires highly skilled operators. The aim of the current study was to develop a method that can be used as a high throughput approach by cell culture scientists or non-mass spectrometry experts to facilitate at-line screening of crude bioreactor samples for product glycosylation and potentially other PTMs. Depending on the titre, sialylation states and peptide specific considerations, the method has demonstrated ability to provide comprehensive information ranging from fully quantitative data for Fc-like neutral glycans to semi-quantitative data for sialylated species.

To be able to achieve 'at-line' screening capability, the speed of sample preparation and run time is crucially important. It has been demonstrated in the current study that it is possible to prepare the sample straight from conditioned media with no buffer exchange and reduced digestion time compared to standard in solution peptide mapping procedures. The decisive changes employed in this fast digestion protocol specifically include denaturation in a less potent denaturant urea in contrast to commonly used guanidine to eliminate subsequent buffer exchange before digestion. The denaturation temperature is raised slightly but is kept short to compensate for potential chemical degradation. In addition, the relationship between digestion time and mis-cleavage was investigated to ensure the most abundant glycopeptide is targeted and the resulting glycosylation profiles are unbiased. Although commercially available immobilized digestion such as Thermo Scientific SMART digest trypsin kit achieved comparable digestion speed, the method presented in the current study offered a similar solution without additional cost of goods and avoided extra sample exposure at 70 °C, which can be a source of concern in certain cases due to potential chemical modification. In the current study it has been demonstrated reducing the digestion time increases the amount of at least singly mis-cleaved peptides, but it has been demonstrated that there is no impact on the overall distribution of each glycan species. It is also worth mentioning there are now a range of specifically engineered trypsin variants in the market each with different auto-cleave susceptibility and tend to produce different amount of mis-cleaved target sequences. The specific effects of different trypsin products on the protocol presented here is beyond the scope of this study but would nevertheless be an interesting topic on its own. In addition to the reduced sample preparation time, the utilization of reduced LC separation from the 90+ minute of typical peptide mapping to 10 min per sample also greatly reduced the run time of this application. The choice of TQ-MS ensured sensitivity and better quantitation power; furthermore, the robustness and low maintenance of the instrument ensured minimal expertise is required from the analyst once the method is setup.

Due to the high throughput nature of this protocol, the technique is well suited for a range of screening activities. This technique has now been routinely used in the authors' lab for lead molecule and cell line selection as well as bioprocess development (data not shown). The quantitation accuracy and digestion efficiency appear robust and reproducible for a wide range of IgG1 and IgG4 Fc-glycans, although the general applicability of this digestion protocol to other protein folds will likely have to be verified individually. This method has generated comparable data to orthogonal methods such as 2-AB and LabChip GXII as seen in this study. The peptide containing the Fc-glycan site is conserved for all Fc-containing molecules of the same isotype and hence both the digestion protocol and the mass spectrometry data acquisition method developed here are universal across multiple projects. For glycosylation sites outside the Fc domain, this type of high throughput method development will have to be performed on a case-by-case basis in combination with traditional peptide mapping. In addition, the resolution and selectivity of the mass spectrometry makes it an ideal multiplexing solution to simultaneously screen for differences in various covalent post-translational modifications in biopharmaceuticals, such as deamidation, oxidation and many more that can be too subtle for classical high throughput methods such as UPLC or capillary electrophoresis alone. This multiplexing potential is particularly useful during the research-development transition period of a drug project where manufacturing and quality control needs to be phased-in from a quality by design (QBD) perspective. Furthermore, this early development phase represents the best opportunity to actively screen out potential problematic molecules or clones when sequence-based liabilities are identified, although their actual impact on the candidate molecule's efficacy maybe unknown at this stage. A high throughput, multiplexing screening will enable molecule leads or clones to be selected on a risk-based approach and ensure smooth transition to subsequent development activities.

The approach is not without limitations though. The inherent difficulty in quantitating sialylated glycopeptides by mass spectrometry has been shown in this case to cause a 1.5-fold reduction in G2FS2 species compared to the 'gold standard' 2-AB method. Nevertheless, for each specific molecule the suppression in signal is consistent (data not shown) and hence ranking between clones and culture conditions is still practical. The other shortcoming associated with the presented targeted glycopeptide method is that full fragment information relating sugar linkage positions are not captured and hence isobaric forms are difficult to distinguish. In addition, targeted mass spectrometry requires prior knowledge of what types of modification are likely to be present in a given sample; to take the example of glycan analysis, this means the operator needs to search for the particular types of glycan likely to be present in order to quantitate accordingly. To this end, it is recommended for novel molecules that this high throughput approach is developed in conjunction with traditional scanning type of mass spectrometry or labelling methods such as 2-AB glycan analysis. Despite the caveats of the technique, with a reasonable understanding of the host cell line's glycosylation pattern and as the knowledge of molecule-specific glycosylation profile improves when a drug project advances, the technique can be employed routinely.

This fast, targeted mass spectrometry method has demonstrated improved throughput compared to traditional full range peptide mapping mass spectrometric analysis; it has also offered definitive mass information whilst maintaining quantitation power, as well as site-specific glycosylation information, compared to widely used high throughput 2AB or capillary gel electrophoresis techniques. Furthermore, the methodology applies equally well to both crude and purified samples, which forms the basis of its 'at-line' capability. This approach has general applicability for glycoprotein development and will greatly benefit the middle ground between the two ends of the current analytical spectrum in terms of speed and resolution. The method developed here can be universal for Fc-containing molecules and requires minimal mass spectrometry expertise to perform once in place. This together with its multiplexing ability to simultaneously monitor other covalent modifications renders it a powerful early stage screening tool for scientists from a range of development disciplines. With the advent of perfusion cell culture and continuous, automated upstream and downstream biopharmaceutical production, this high throughput technique is well suited to provide flexible at-line product quality analysis and to steer the path of early biopharmaceutical development.
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